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HortScience 35(1):104-107. 2000. pedance measurements made using closely
spaced electrodes (inter-electrode distances

Apple BI‘UISG DeteCtlon by E|eCtrlca| 1.3 and 3.5 mm, respectively) can identify

bruised and nonbruised apple tissue. Indeed,

Cox etal. (1993) were able to map bruising by
Impedance Measurement making 100 measurements across the fruit

surface. They obtained a bimodal distribution
Phillipa J. Jackson and F. Roger Harket of measurements (impedance moduli), with

The Horticulture and Food Research Institute of New Zealand Ltd., Mt. Alﬂ@rgower values representing measurements

: made within bruised regions and the higher
Research Centre, Private Bag 92 169, Auckland, New Zealand values representing measurements of undam-

Additional index wordsMalus xdomesticaresistance, reactance aged tissue. Numbers of measurements with a
value lower than the average value for undam-
Abstract. Electrical impedance was used to determine the extent of tissue damage thagged tissue were then used to calculate a bruise
occurred as aresult of bruising of apple fruit Malus xdomesticaBorkh, cvs. Granny Smith  index (Cox etal., 1993). Essentially, this bruise
and Splendour). Impedance measurements were made before and after bruising. Plots ofndex represented the proportion of the apple
reactance against resistance at 36 spot frequencies between 50 Hz and 1 MHz tracedsurface area that had an underlying bruise, i.e.,
semicircular arc, which contracted in magnitude after bruising. A number of character- one that would be seen after peeling. The
istics of these curves were then related to bruise weight. The change in resistance thahdex may also indicate that a number of
occurred as a result of fruit impact ARs,,,) was the best predictor of bruise weight, with bruises have occurred across the fruit surface.
r2values up to 0.71. Before bruising, resistance of fruit was higher in ‘Splendour’ thanin  The focus of the present study was to deter-
‘Granny Smith’ (P < 0.001), and at OC than at 20°C (P < 0.001), but was not influenced mine if EIS measurements made by placing
by fruit weight. The influence of apple cultivar and temperature on electrical impedance electrodes on opposite sides of the bruise, but
may cause difficulties when implementing these measurements in a commercial situationoutside the bruise region, could provide an
However, further development of electrical impedance spectroscopy methodologies mayndication the dimensions and/or weight of a
resultin convenient research techniques for assessing bruise weight without having to waitingle bruise. The advantage of such measure-
for browning of the flesh. ments is that they may provide a 3-dimen-
sional estimate of bruise dimensions/weight,

Electrical impedance spectroscopy (EIStal disorders. An advantage of using EIS asrather than the 2-dimensional measures of
has been used to assess ripening of fruit (e.gneasure for assessing bruises is that the extdémtiise area that were made with the closely
Furmanski and Buescher, 1979; Harker andf tissue damage can be immediately assessguhced electrodes used in earlier studies. Fur-
Dunlop, 1994; Harker and Forbes, 1997; Harkewithout having to utilize the conventional pro-thermore, such measurements could be made
and Maindonald, 1994; Varlan and Sansenpcol of waiting 1 day for tissue browning toimmediately after fruit impact and before any
1996). Furthermore, EIS has been used uevelop (Klein, 1987; Schoorland Holt, 1977)discoloration of the flesh occurred.
study ripening of chill-injured nectarinesin other fruits, such as cherrirunus avium
[Prunus persicdL.) Batsch] and persimmons L.) and kiwifruit [Actinidia deliciosgA.Chev) Materials and Methods
(Diospyros kaki_.) (Harker and Forbes, 1997; C.S. Liang & A.R. Ferguson], browning is
Harker and Maindonald, 1994). In both ofobscured by the pigments in the flesh or does Plant material Apple fruit (‘Granny Smith’
these fruits, EIS can be used to detect developet occur. Thus, the identification of alterna-and ‘Splendour’) with an average weight of
ment of chilling injury during cold storage. tive methods to quantify bruising may be ari86 g were obtained from commercial grow-
Unfortunately, one cannot predict when thémportant future research tool. ers and stored afC until required. Individual
cells will become dysfunctional. Thus, once a Earlier studies (Cox etal., 1993; Greenhanfruit were weighed before being bruised at
change in EIS is detected the fruit will thenl966) have demonstrated that electrical imflesh temperatures of 20 ofQ (10 fruit were
inevitably develop the visual symptoms of
chilling-injury upon ripening. Freezing in-
jury, also, is easily detected by EIS (Harker a A
and Forbes, 1997; Harker and Maindonald, 1 A
1994). In freeze-thawed tissues, cell mem- 70000 A

' : A 4

branes and associated compartmentation are b 4
disrupted. This leads to a dramatic change in 7 2 A A,
electrical impedance characteristics; most of 60000 A

the reactance component is lost, and the low
frequency resistance declines dramatically.— 1 4
(Harker and Forbes, 1997; Harker and < spgoo
Maindonald, 1994).

Clearly EIS has the capability to detect
severe tissue damage in fruit, as occurs i 40000
freeze-thawing. Thus, EIS may also provide a
technique that can detect damage that has ] al 'g‘.n‘I - L
occurred within fruit flesh as a result of physi- 30000
cal injury and/or development of physiologi- %I
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bruised for each cultivartemperature drop fluenced Ry,,1. At 20 °C, ‘Granny Smith’ the two cultivars may have reflected differ-
height combination). Electricalimpedance waspples had a lowerR,1 than did ‘Splendour’ ences in tissue structure, such as the arrange-

measured before and after bruising. fruit (22,813Q c.f. 45,590Q; P < 0.001; Fig. ment and volume of air spaces, which could
Bruising treatmentsTo induce bruising, 1).Furthermore, B,,1 was substantially lower alter the resistance of the apples.
fruit were suspended in a sling and swung inat 20°C than at 0C (22,813 c.f. 33,5732, The experimental approach required that

pendulum through a known arc into a verticahnd 45,59@ c.f. 62,57® for ‘Granny Smith’  electrical properties of the fruit did not change

impact surface (as described by Mohsenirgand ‘Splendour’, respectively; Fig. 1). Tem-as a result of the removal and reinsertion of the
1970). Fruit were carefully positioned withinperature is known to influence the conductivelectrodes. This was confirmed by examining

the sling to ensure that position of the initiaity of electrolyte solutions (Weast et al., 1984)changes in fruitimpedance that occurred after
impedance measurement was identical witand thus our observations can be explained &lectrodes were removed, the fruit left on the

the position that was subsequently bruisederms of the physical chemistry of electro-bench for 5 min and the electrodes reinserted.
The fruit were dropped from 10-, 20-, 30-, andytes. Differences in B,,,1 that exist between Pairedt tests indicated that there was no sig-

50-cm heights and the rebound height for each

impact was recorded using a video camera. Table 1. Influence of removal and reinsertion of electrodes on fruit resistance.
About 24 h after I_mpaC_t, the fruit were Values represent meatsefor six fruit, P was determined using a paired
peeled around the point of impact and bruise t test.

diameter (length and width) was measured.
The apple was then cut in half and the depth of
the bruise measured, followed by removal of
all bruised tissue for weighing.

Impedance measuremenBlectrical im-
pedance was measured using methods de-
scribed earlier (Harker and Forbes, 1997;
Harker and Maindonald, 1994). Two Ag/AgClI 5000 -
electrodes (2 mm diameter5 mm length, , A.-10 cm drop
model EP2; World Precision Instruments, b L ~ .
Sarasota, Fla.) were impaled in the fruit 35 mm e D\E\D
apart, to an approximate depth of 3 mm. The s0o00 -
resistance and reactance components of elec-
trical impedance were measured at frequen- | \.
cies between 50 Hz and 1 MHz using a Hewlett- ‘\

Packard precision LCR meter (model

HP4284A; Hewlett-Packard, Hyogo, Japan). 4000 10 kHz 50 Hz
Electrodes were removed and the fruit were .k

dropped as previously described. Immediately . e

after impact, the electrodes were reinserted D&

into the holes made during initial measure- 2000
ments, and impedance reassessed as described
above. The 35-mm inter-electrode distance
used in this study was sufficient to ensure that
bruises up to 31 mm in diameter were located ~——1 MHz
between the two electrodes. 0 -

Resistance measurements made at 50 Hz
before and after bruising are represented by-= .
the abbreviations ,,1 and R,,,2, respec-
tively. The change inresistance(RL— R,2)
was represented b&R.,,,. The resistance
measurement made at 1 MHz after bruising
was represented by R.,2. Two other calcula- 6000
tions were used to characterize the electrical & ] o—O-p
properties of damaged apple tissue: 200 5000 - e
Rson2/Rivi2 (Greenham and Daday, 1957) f

Resistance

Frequency First value Second value P
50 Hz 21,710 591 21,67* 641 0.556
1 MHz 1,380+ 42 1,367+ 48 0.816

Q

7000  B. - 50 cm drop -

ctance {

Re

and Py, the volume fraction of intact cells (100 1 /.
X RextracelIuIa(RextraceIIular+ I:intra\cellulal; Pllquett et 4600 1
al., 1995). Py was estimated by the calculation . jj : \:\
100x R50H22/R50H22 + Rwz2, since Borz and 3000 -

R,uy, are good estimates of R .juar @Nd o
Rinracenuian  fe€spectively (Harker and ] E“-i T
Maindonald, 1994). Statistical analysis was 2600

by analysis of variance, and means of the main 1
effects are presented in the tables and text. 1600 4

Mm

Results and Discussion

The initial measurement of resistance T Y T T T T T T 1
(R 1) Was not influenced by fruit weight g 5000 euno 15000 20000 25000
(_Flg. 1). This |nd|cated_ that the vqur_ne_of Resistance (Q)
tissue encompassed within the electric field
generated between the two electrodes wasg. 2. Plots of reactance against resistance for ‘Granny Smith’ apples mefanel@fter((l) bruising. Fruit
much smaller than the volume of the whole were dropped from 10 cri\j and 50 cmB). Points represent measurements at 36 spot frequencies
fruit. However, cultivar and temperature in-  between 50 Hz and 1 MHz at 2C.
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nificant difference between,R,1 and R,,,2 Table 2. Influence of drop height on bruise dimensions and weight in two apple cultivars. Values represent
means of 20 fruit.

(Table 1).

Impedance is generally separated into re=
sistance and reactance components. At lower
frequencies, resistance of the apoplast is mea-
sured, while at higher frequencies the resis-"

tance of the entire tissue, including the sym
plast, is measured (Cole, 1972; Harker an
Maindonald, 1994; Stout, 1988). In biologicalzq
systems, reactance is largely a measure of thg
capacitance of biological membranes (Harkersp, o

and Maindonald, 1994). Plots of reactanc@yean separation within columns bso, P < 0.05.

against resistance over the 50 Hz to 1 MHz
frequency range traced out a semicircular arc
(Fig. 2). The arc contracted in magnitude as a
result of bruising, which indicated that both
resistance and reactance of the tissue were
reduced. These changes were most apparent at
frequencies below 10 kHz (Fig. 2). These
results indicate that the volume of apple tissue
accessible to low-frequency current increased
as a result of bruising.

Bruise diameter, depth, and weight in-
creased with drop height (Table 2). The rela-__
tionships between electrical measurementsZ
Rson2 andARs,,,,, and bruise diameter, depth,
and weight were examined on an individual
fruit basis. Correlations betwe&R,,,, and
bruise weight (Fig. 3) were higher than all
other correlations between other electrical and
bruise characteristics (data not shown). The -
correlation between bruise weight akie,,,,
was consistent for both ‘Granny Smith’ and
‘Splendour’ apples at ©C and at 20C (Fig.

3). However ARg,,, for individual fruit with
smalland large bruises often overlapped. From
a practical perspective, there remained an ele-
ment of uncertainty when convertind\R.,,,
value into a bruise weight. When the data for
both cultivars and both temperatures werg;,

Cultivar
Granny Smith Splendour
op ht Diam Depth Wt Diam Depth Wt
cm) (mm) (mm) (@ (mm) (@ @
16.2 & 4.7 a 0.77 a 18.6 a 50a 0.90 a
21.2b 6.5b 1.57b 24.0b 6.7b 1.87b
25.0c 85¢c 2.66 c 26.6¢c 8.4c 2.73c
29.4d 10.8d 4.00d 30.8d 10.9d 4.45d
0.9 0.6 0.23 0.9 0.6 0.23
16000 (&) Granny Smith, 20 °C {B) Giranny Smith, ¢ “C
8000 J
LA r
- B ox ", =
8000 . . - T
a - /'/ 1 = K/)/ T
4000+ T J . oA *
h e X r b " ¥
2000 ag e, ] eetone T
[ P - x
o4 . o
' 35000 (€} Splendour, 20 °C ] (D) Splendour, 0°C
30000 1
25000 - L
20000 - ] < T
* /"
15000 4 . v J o T
100004 x xE v T . ’ e /
=T E oy j; ,/J)/ - . ¥
5000 T 1 oy
U*»""ﬁf’hnﬂﬂu o x ¥ ¥ ] //'I/.”
0 1 2 3 4 5 5 0 1 2 3 4 5 &
Bruise weight {g)

. 3. Relationships between fruit resistarfie(,,,) and bruise weight for ‘Granny Smith’ apples at€0

combined, there were significant increases in~(a) and 0°C (8), and ‘Splendour’ apples at 2@ (C) and 0°C (D). Points represent individual fruit
ARg,,as drop heightwas increased from 10to  dropped from 10 cnm(), 20 cm (), 30 cm &), and 50 cm ¥). R2values were 0.71, 0.37, 0.36, and 0.65

20, 30 and 50 cm (me&Rs,,,, for all apples
increased from 2083 to 3525, 6005 and 9895
Q, respectivelyP<0.001). MeahR;,,,,(com-
bined drop heights) was much smaller for
‘Granny Smith’ (31732) than for ‘Splendour’
apples (7580) (P<0.001). This difference in
AR, between the cultivars may in part have
been influenced by differences in magnitude
of the initial resistance @g,,1), since By,1
was 42% lower in ‘Granny Smith’ than in
‘Splendour’ (Fig. 1). Whe#\R,,,, was recal-
culated as a percentage of,RL (YARs,,),
cultivar variability was reduced at 20 (Table
3). However, at 0C, %AR;,,,, was still higher
in ‘Splendour’ (16%) than in ‘Granny Smith’
(12%).

The possibility that impedance measure-

ments made after impact could be used tbable 4. Influence of drop height on bruise weight and measurements of electrical impedance after impact.

for data inA, B, C, andD, respectively. Note that scales for the cultivars differ.

Table 3. Effects of cultivar and temperature on the change in fruit
resistance after bruising @Rs,,,,). Values represent the means

for 80 fruit?
Fruit temp ¢C)
Cultivar 0 20
Granny Smith 11.71 10.42
Splendour 16.22 10.73

?P = 0.049;Lsp = 2.402.

assess bruising was investigated. Measure- Values represent the means for 40 fruit (20 of ‘Granny Smith’, 20 of ‘Splendour’).

ments of resistance at 50 Hz and 1 MHg (R

and Ry,,2) were used as well as estimates qf,rop ht

tissue damage, including 18Ry, 2/R; .2

Impedance measurements

(Greenham and Daday, 1957) and Py (%00 1g
I:zextracelIuIa\lRextra\celIular+ I:qntra\cellulal; Pllquett et al., 20
1995). The calculation 108 Ry 2/Ryn,2
provides a measure of the resistances of /%@

apoplast relative to the resistance of the entit&boos
tissue (apoplast and symplast), and often pré-

Bruise wt Ron2 Rii,2 Reon2/Ruwiz2
(cm) (9) (ohms) (ohms) X100) Py
0.84 a 38,530 a 2837 a 1343 a 93.0a
1.72b 37,013 ab 2823 a 1292 a 92.7a
30 2.69c 36,585 b 2717 ab 1331 a 929a
4.94d 31,828 ¢ 2686 b 1181 b 92.1b
0.16 1893 127 61 0.3
<0.001 <0.001 0.046 <0.001 <0.001

vides the best estimate of cell damag#&vean separation within columns bgp, P < 0.05.
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(Greenham and Daday, 1957). The calculatiopal bruise damage. HowevekRs,,, is not development of chilling injury in persimmon
Py is used to give an estimate of the volum@orticulturally meaningful, since itis unlikely ~ fruit: An electrical impedance study. N.Z. J.
fraction of intact cells, and has been used that original resistance (R,1) will be known Crop Hort. Sci. 25:149-157. -
characterize meat quality (Pliquettetal., 1995In practice. Despite this, EIS has shown COH:'arkfer’ F'tR' »andfj"-_{j '\é?]mdonalq' 1;?194. R|'|pem|r|]g
Inthe present study Py was estimatedgs®  Siderable potential as a method for assessing J; WS 501G (0 P02 S S8 B0
Rsor2 + Riwz2. Allmeasurements (g2 and  fruit bruises, both in this and earlier studies. impédance measurements. Plant Physiol.
Riunz2) and calculations (100Rs,2/Ry,2  Withfurther development, the methodologymay  106:165-171.

and Py) were significantly affected by cultivarprovide convenient and rapid estimates of bruig&ein, J.D. 1987. Relationship of harvest date, stor-

(P<0.001). However, while measurements ofolume/weight immediately after impact. age conditions, and fruit characteristics to bruise
Rson2 and Ry,2 were significantly lower at susceptibility of apple. J. Soc. Hort. Sci. 112:113—
20°C compared to 8C (P < 0.001), there was 118.

no significant effect of temperature on calcu- Literature Cited Mohsenin,_N.N. 1970_. Physical propertie_s of plant
and animal materials: Structure, physical char-

lations of 100< Reo2/Ryyi,2 OF Py (tempera- Cole, K.S. 1972. Membranes, ions, and impulses. A cteristics and mechanical properties. Gordan
ture data not presented). chapter of classical biophysics. Univ. California 414 Breach Science Publ.. New York.

The effect of drop height on bruise weight  Press, Berkeley. N Pliquett, F., U. Pliquett, L. Schoberlein, and K.
was significant at all drop heights (Table 4)Cox, M-A., M.LN. Zhang, and J.M.H. Willison. " prevwald. 1995. Impedanzmessungen zur
Rson2 Measurements made at 10-, 30-, and 50- 1993. Apple bruise assessment through electri- - charakterisierung der Fleischbeschaffenheit.
cm drop heights were significantly different. €@l _impedance measurements. J. Hort. SCi. [ejschwirtsch 75:496-498.

68:393-398.
However, only measurements made at 50 ¢ . Schoorl, D. _and J.E. Holt. 1977. The effe_c@s of
differed from those made at other drop height%]urmanskl, R.J. and R.W. Buescher. 1979. Influ- storage time and temperature on the bruising of

ence of chilling on electrolyte leakage and inter-  j5hathan Delicious and Granny Smith apples. J
when Ryy,2, 100 % Ry 2/Ryy,2, and Py nal conductivity of peach fruits. HortScience  Teyiure Studies 8:409-416 y Apes. &

were measured (Table 4). Clearly, ¥R, 2/ 14:167-168. —
Riw,2 and Py were not sufficiently sensitiveGreenham, C.G. 1966. Bruise and pressure injury %totli’;’sDéGéll;iﬁéEFierﬁt %f dC;rI](i:Cf ||n’:/|aet|atlnsn ?en rsglnkt S
to evaluate the effect of drop height on bruis- apple fruits. J. Expt. Bot. 17:404-409. -thu birdsfoot tref -|p t subfreezi tu
ing. While Ry,,2 was the best of these fourGreenham, C.G. and H. Daday. 1957. Electrical '"! PITGSIO0" Tr€I0f & SUBITeezing tempera-
predictors of bruising, none of the measure- determination of cold hardiness ifolium v tlures;\ I;Ianth\k,\\)llsgl. 86'271%552'\" destructi

y repend.. andMedico sativd_. Nature 180:541— varian, A.R. and W. sansen. - Nondestructive
ments (Ryu,2, Riwi,2, 100% Rsg 2/Ryyi,2, OF ? electrical impedance analysis in fruit: normal

Py) were as closely related to bruise weight 83arker, F.R. and J. Dunlop. 1994. Electrical imped-  fipening and injuries characterization. Electro-

wasARsg, ) i ance studies of nectarines during coolstorage and Magnetobiol. 15:213-227.

In conclusion, this study has confirmed anq fruit ripening. Postharvest Biol. Technol.Weast, R.C., M.J. Astle, and W.H. Beyer. 1984.
that electrical impedance measurements, par- 4:125-134, CRC handbook of chemistry and physics, 65th
ticularly AR, can be correlated with physi- Harker, F.R. and S.K. Forbes. 1997. Ripening and ed. CRC Press, Boca Raton, Fla.
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